Automobile paint samples are submitted to forensic laboratories not only to compare paint traces with their suspected sources, but also to identify the type of painted vehicle used. Modern automotive paint samples are complex, multi-layer coating systems where in each layer serves a specific purpose. Typically, after a crystalline layer of metal phosphate is applied to galvanized steel, the phosphate crystal surface was coated with an electro-deposited layer (E-coat) and a pigmented primer in order. A pigmented basecoat to provide color and a clearcoat to provide gloss are applied over the primer.
Introduction
Automobile paint samples are submitted to forensic laboratories not only to compare paint traces with their suspected sources, but also to identify the type of painted vehicle used. Modern automotive paint samples are complex, multi-layer coating systems where in each layer serves a specific purpose. Typically, after a crystalline layer of metal phosphate is applied to galvanized steel, the phosphate crystal surface was coated with an electro-deposited layer (E-coat) and a pigmented primer in order. A pigmented basecoat to provide color and a clearcoat to provide gloss are applied over the primer.
A number of techniques have been employed to examine paint samples.
These include visible examination, emission spectrography, cathodoluminescence, wet chemical tests, infrared spectrometry, and scanning electron microscopy with energy dispersive x-ray analysis. [1] [2] [3] [4] [5] Pyrolysis-gas chromatograpy (PGC) is also well established as a technique for the study of automobile paints. The literature includes the analysis of a number of automobile finishes and the comparison of the different PGC systems employed. 6, 7 Techniques for surface and interface characterization, have been developed for analysis of automotive paints and coatings. [8] [9] [10] Those techniques provide both chemical composition and morphological detail as a function of paint system preparation, application, and exposure time and conditions.
Recently, time-of-flight secondary ion mass spectrometry (TOF-SIMS) has been applied to structural characterization, surface analysis, and depth profile of nonvolatile various materials such as metal, semiconductor, polymer, and ceramics. [11] [12] [13] Several studies have demonstrated that TOF-SIMS is a useful tool for paint examination. 14, 15 Gerlock et al. have utilized TOF-SIMS to assay 18 O-labeled photooxidation products in multi-layer coating systems exposed to UV light in a 20% 18 O2/80% N2 atmosphere. Variations in oxygen content in several layers were then observed. However, in order to discriminate among paints of the same or nearly the same color, a more reproducible and reliable method for paint analysis by TOF-SIMS is needed.
Our approach has focused on the development of chemical procedures to characterize the automotive paints and to produce more reliable data for case comparison and confirmation purposes. Compared to other techniques, TOF-SIMS has several advantages for paint analysis. High resolution TOF-SIMS provides good sensitivity and structural specificity for high mass ions from the top monolayers of a surface. And this technique can be used for a very small analysis area and does not destroy the whole sample chip. In this research, TOF-SIMS was used in order to determine the applicability of SIMS in forensic analysis and the specificity of the mass spectra in paint analysis. Therefore, TOF-SIMS has been used to record the spectra and depth profiles of the paints obtained from domestic automobile companies. Seventy-three paint chips of various colors were used for the analyses.
Experimental

Paint sample preparation
Each of the paints analyzed was assigned a sample number. The relation of the paint number to the source of the paint chip is indicated in Table 1 . Blue, red, silver, and white paint chips were collected from recent models of domestic automobile companies such as Daewoo, Hyundae, Kia, and Ssangyong.
The paint chips were grouped according to the color categories and the manufacturers above. Each paint chip of 70 mm 2 was washed with methanol, wrapped with aluminum foil to decrease charging, and mounted on the TOF-SIMS sample holder. If the paint chip contained clearcoat on the top, it was removed with a sharp scalpel blade before analysis.
TOF-SIMS instrument
The TOF-SIMS spectra were acquired by using a Model PHI 7200 TOF-SIMS/SALI instrument manufactured by Physical Electronics, Eden Prairie, MN. The instrument was designed for elemental and molecular ion analysis at high mass resolution, mass measurement accuracies, and detection sensitivities. This system incorporates a pulsed Cs + primary ion source; the normal impact energy of the beam on the sample surfaces was 8 keV. The dc primary ion beam intensity at the sample was 10 nA, and the operating spot size was about 50 µm in diameter. A low energy electron beam was required for this insulating sample to compensate for the charging on the surface. The base pressure of the chamber was 5 × 10 -10 Torr, and the normal working pressure was 1 × 10 -9 Torr. Secondary ions are extracted from the sample and accelerated by an ion lens operating at 3 kV into a time-of-flight (TOF) mass analyzer. The TOF uses a reflectron to reduce line widths and has a total flight path of 2 m. The secondary ion beam is focused on the dual microchannel plate for ion detection. Positive ion mass spectra only are used in this paper. A depth profile was used to determine the distribution of key components in the automotive 758 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 (25L)  TT662X  TT666X  TT678  TT678  TT678  TT689  TT689  TT689  2A  4A  B4  B4  B9  L2  L2  L2  Z7   73L  74U   76L  77L  TT666   TT666  TT678  TT689  TT689 BD01  BD02  BD03  BD04  BD05   BD06  BD07  BD08  BD09  BD10  BD11  BD12  BD13  BD14  BD15   BH01  BH02  BH03  BH04  BH05  BH06  BH07  BH08  BK01  BK02  BK03  BK04  BK05  BK06  BK07  BK08  BK09   RD01  RD02   RD03  RD04  RH01   RH02  RH03  RH04  RH05  RH06 coatings.
Results and Discussion
Positive ion TOF-SIMS survey spectra were employed to determine the relative abundances of elements in the surface layers of the paint chips after removing the clear layers. The TOF-SIMS depth profiles of paint samples permitted the analysis of very small paint chips, the reproducible results of specific elements, and the identification of individual car paint. An analysis was performed on 73 paint chips of various colors from late model automobiles that were manufactured in Korea. For various paints it was determined by TOF-SIMS data that there were 12 elements which could be used to distinguish the paints. Typical TOF-SIMS profiles of three different white paint chips from Kia automobile company are shown in Fig. 1 . Results include profiles of elements such as Al, Ti, Cr, Cu, Ca, Mg, Fe, K, Na, Li, Mn, and Sr. Paints WK5 and WK4 give distinctive Ti distribution and high intensities of Al. Especially, paint WK5 shows intense peaks of Na and K. On the other hand, in the case of paint WK7, very low Ti, Al, and Li distributions are exhibited. From the figure it can be seen that paints WK7, WK5, and WK2 were all distinguishable by their elemental compositions determined by TOF-SIMS data. Ten white paint samples were taken to examine the reproducibility. The analytical precision for the 2 elements detected in this work is shown in Fig. 2 . The TOF-SIMS peak area results from each paint sample were normalized to a value of silicon.
These values are based on quadruplicate measurements of ten white paint samples. The precision is generally good, with values of less than 10% deviation from the average from most of the elements measured.
The groups of the elements indicated in Table 2 represent only the relative intensities of each element in the TOF-SIMS data. In this table, each element was divided into different intensity ranges. The seven elements Cr, Cu, Ca, Mg, Fe, Na, and Li were divided into 3 different intensity ranges. The elements Al and Ti were divided into 4 different ranges. Arbitrary unit 4 indicates a very high intensity of the element in the TOF-SIMS data; 3 indicates strong intensity; 2 indicates medium intensity; 1 indicates that little trace of the element was detected. It was found that paints of the same color produced by different manufacturers could be distinguished by this method.
The results of TOF-SIMS analysis of 17 white automobile paints are displayed in Fig. 3 . These paints were obtained from Daewoo, Hyundae, Kia, and Ssangyong automobile companies. Of the 17 white paints analyzed, WH1 and WK7 were identical and WD2 and WH2 were very similar according to TOF-SIMS results. The rest of the white paints were different in the bar graph and could be distinguished by using the 12 major elements.
Figures 4(A) and 4(B) show the results of the analysis of 15 blue paints from Daewoo and 17 blue paints from Hyundai and Kia automobile company, respectively. In Fig. 4(A) , samples BD8 and BD10 were identical to each other except for the amount of Ti. BH4, BK3, and BK4 paints in Fig. 4(B) were similar except for the elements Al, Ca, and Cu. Most elements of BK6 and BK9 showed the same distribution, while Cr and K were distributed differently in those paints. All the other blue paints were distinguishable by TOF-SIMS.
As shown in Fig. 5 and Fig. 6 , twelve red and twelve silver paints were also analyzed by TOF-SIMS. Those key elements were used to distinguish the various paints in that color category. Automotive paints of the same or nearly the same color were almost completely discriminated even though there are some paint pairs such as (RD2:RH5), (RH4:RH6), (SD4:SH3), and (SH1:SS1) which provide similar elemental distribution.
Conclusions
As a result of the analysis of the 73 automobile paint chips of various colors including 32 blue, 12 red, 17 white, and 12 silver, it was concluded that TOF-SIMS would be a suitable technique for the forensic analysis of automobile paints. TOF-SIMS technique proved to have several advantages in its application to forensic analysis. It enabled the analysis of very small paint chips, that is, chips smaller than 1 mm 2 . In the analysis of larger paint chips, the entire paint chip was not destroyed and was, therefore, available for additional analysis and as evidence.
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